An improved pegylated liposomal formulation of docetaxel has been developed with the purpose of improving the docetaxel solubility without any need to use tween80 that is responsible for hypersensitivities following administration. Liposomes all had spherical shape with size of 130-160 nm. The most important finding of this study is that pegylated liposomes were prepared with significant increase in docetaxel encapsulation efficiency and stability of the formulation in comparison with last reports on docetaxel liposomes. In vitro release studies revealed that such a formulation could be stable in the blood circulation and meet the requirements for an effective drug delivery system.
Introduction
Over the past few decades, increasing attention has been given to drug targeting in order to reduce side-effects and improve therapeutic efficacy by preventing undesired drug localization in healthy tissue sites and decreasing rapid degradation or elimination of drugs [1] [2] [3] . Among a variety of targeted drug carrier systems, liposomes have been studied extensively because of their capability to accommodate a large variety of drugs, alongside their good biocompatibility, low toxicity and lack of immune system activation or suppression [4] . In general, an optimized system is consisted of nanoliposomes, which possess a long circulation lifetime. Such liposomes will circulate sufficiently long to accumulate at sites of disease, such as tumors, as a result of the leaky vasculature and reduced blood flow exhibited by the diseased tissue [5] .
A number of drugs have already been successfully encapsulated in liposomes, from antibacterials [6] and interferons [3] to antitumor drugs such as doxorubicin [1] , mitoxantrone [7] , paclitaxel [8] [9] [10] [11] [12] , and docetaxel [13, 14] . Docetaxel (N-debenzoyl-N-tert-butoxycarbonyl-10-deacetyl paclitaxel) is a semisynthetic derivative of the taxoid family of antineoplastic agents. It is an analog of paclitaxel which is extracted from the needles of the European yew tree (Taxus baccata L.) [15] . Docetaxel has been effective against breast, ovarian, lung, and head and neck cancers. Being a microtubule stabilizing agent, it inhibits microtubule disassembly and consequently inhibits cell proliferation [16] . Due to the poor solubility of docetaxel in water, tween80 (polysorbate 80) and ethanol (50:50, v/v) are used for the formulations currently available in the market. Both tween80 and ethanol are responsible for hypersensitivities that occur after docetaxel administration and make premedication of the patients with corticosteroids and antihistamines a necessity. To overcome this problem and to improve efficacy, novel formulations of docetaxel have been introduced. Immordino et al achieved a better antitumor activity and a long circulation time in body by encapsulating docetaxel in liposomes [13] . As the work of Einhaus et al has shown, therapeutic efficacy is increased by entrapping docetaxel in micronized droplets of olive oil coated with functional fibrinogen. However, effectiveness may be limited in the long-term because of provoking an immune response [17] . Musumeci et al reported an increase in the solubility of docetaxel when incorporated in PLA/PLGA nanospheres although their formulation still contained tween80 [14] . Docetaxel-encapsulated nanoparticles formulated with poly(D,L-lactic-co-glycolic acid)-block-poly(ethylene glycol) (PLGA-b-PEG) copolymer and surface functionalized with the A 10 2'-fluoropyrimidine RNA aptamers, were found to exhibit remarkable efficacy and reduced toxicity [18] . Stability of the liposomal formulation is one of the important factors in evaluating the success of such a formulation especially for its industrial manufacturing.
In this study, different parameters were investigated for formulation of docetaxel liposomes in order to reach to the best liposome size, drug loading, in vitro release and stability.
Results and Discussion

Physicochemical properties of the liposomes
Formation of the DSPE-PEG conjugate was confirmed by IR spectra (Fig. 1) .
The IR-spectrum of DSPE-PEG conjugate (A) showed additionally a small peak at 1679 cm −1 (corresponding to a NH−C=O group) missing in the spectrum of DSPE (B). The peak was also present in m-PEG spectrum (C). This peak illustrated that coupling reaction with probable formation of amide bonds occurred when conjugate was made.
Fig. 1.
IR spectra of A) mPEG-DSPE, B) DSPE, C) mPEG, (*) shows the mPEG-DSPE conjugate peak.
Several docetaxel liposome formulations were investigated by using different number of extrusion cycles, type of lipids and lipid combinations to see the effects on drug entrapment efficiency and particle size. Upon further optimization, a lead formulation of liposome-based docetaxel was developed (S3 In addition to the sample formulation shown in Tab. 1, a lot of experiments were done on selection of the lipids type and ratio. The simplest lipid phase was the combination of the DSPC/cholesterol at ratio of 1:1 (S3), which liposome size was 156 ± 19 nm with EE of 65%. Decreasing the amount of cholesterol or addition of DPPC or ePG caused a significant increase in particles size and EE (p < 0.05). Docetaxel-unloaded liposome had the lowest particle size (data not shown). The best ratio of DSPE-PEG to other parts of the formulation in pegylated liposomes was 5% w/w (S4).
Zeta potential is another important index for the stability of the liposomal formulation. High absolute value of zeta potential indicates high electric charge on the surface of the drugloaded liposomes, which can cause strong repellent forces among particles to prevent aggregation of the liposomes in buffer solution [19] . Zeta potential of liposomes was negative due to the presence of terminal carboxylic groups in the lipids [20] . The value of the zeta potential for pegylated liposomes was more negative, due to the negatively charged phosphate group of mPEG-DSPE, thus eliciting a reduced electrophoretic mobility, and a more negative potential value ensures a high-energy barrier that stabilizes the nanosuspension [19] which is also in accordance with the result reported before [21] .
The particle size distribution of the liposomes prepared in this study showed a monomodal distribution (data not shown) and there was no significant change in liposome particle size and zeta potential before and after freeze-drying (p > 0.05) suggesting that the freeze-drying cycle used was optimum and the formulation contained sufficient amount of lyoprotectant to preserve the integrity of the liposomes. According to the SEM photographs, the liposomes all had a fine spherical shape with a relatively monodispersed size distribution confirming the size distribution measurement studies (Fig. 2) .
Fig. 2. SEM micrograph of liposomes (S2)
DSC studies were performed to investigate the physical state of the drug in the liposomes, because this aspect could influence the in vitro and in vivo release of the drug from the systems. Drug may exist in the liposomes in forms such as amorphous or crystalline phase. Moreover, a drug may be present either as a solid solution or solid dispersion in liposome. Fig. 3 shows the DSC thermograms of pure docetaxel, physical mixture of the DSPC/cholesterol/docetaxel, and docetaxel-loaded liposomes (S3). Pure docetaxel showed an endothermic melting peak (T m ) at 159 °C (Fig. 3A) . Physical mixture of the DSPC/cholesterol showed two distinct peaks at 178 °C and 195 °C which are related to the melting peaks of the lipids (Fig. 3B ). Docetaxel melting peak was depleted in the calorimetric curve of loaded liposomes (Fig. 3C) , evidencing the presenting of amorphous part of the drug in the liposome samples. It might be hypothesized that the liposomization inhibited the crystallization of docetaxel during liposomal formation. Therefore, it could be concluded that docetaxel in the liposomes was in amorphous phase of a molecular dispersion or a solid solution state in the lipid matrix after the production [22] .
In vitro release studies
The in vitro release behavior of the docetaxel-loaded liposomes, PEGylated and nonPEGylated, within 14 days is summarized in the cumulative percentage release shown in In fact both liposomal formulations produced an initial faster effect in which docetaxel release was more than 2.4% for both PEGylatded and non-PEGylated liposomes within the first sampling time (24 h). The burst release is related to docetaxel adsorbed on the liposome surface [23] and/or to the release of the drug encapsulated near to liposome surface. After this burst release, a constant docetaxel release was observed in such a way that after 14 days, about 5% and 7% of the loaded drug was released in PEGylated and non-PEGylated liposomes showing a typical sustained and prolonged drug release that depends on drug diffusion and matrix erosion mechanisms [24] . The faster release in PEGylated liposomes could be because of the fast hydration process at presenting the PEG on the surface of the particles. This result suggests that it takes time for docetaxel to be released once encapsulated in the liposomes because lipid bilayers are stabilized by cholesterol. Thus a depot effect could be achieved using liposomes, especially in the PEGylated liposomal formulation. The above results, which suggest that the drug would be stable in the blood circulation and would be released slowly at the tumor site, are indications that our PEGylated liposomal formulation meets the requirements for an effective drug delivery system [25] . Also the drug release data confirmed the drug entrapment efficiency results determined.
Stability study
Docetaxel liposomes (S4) were selected and their physical and chemical stability was evaluated at three different temperatures for up to 3 months. Initially, the mean vesicle diameter was 139 nm and EE was 85%, No significant changes in drug EE was observed during the course of stability study for formulations stored at −20 °C or 4 °C (p > 0.05) but there was a significant decrease in docetaxel EE for liposomes stored at room temperature (p < 0.05). The mean vesicle diameter showed an increase at all storage temperatures (p < 0.05) while particle size of the formulations was increased up to 3.25 folds after 3 months at room temperature. Results of the stability study are shown in Fig. 5 .
Fig. 5.
Docetaxel liposomes' stability after 3 months storage at 3 different temperatures (S4).
There was no significant difference between stability results of the liposome storage at 4 °C or −20 °C. The results of the stability study revealed that the prepared liposomes are stable for more than 3 months storage at 4 °C or −20 °C. The most important finding of this study is that the prepared liposomes showed a significant increase in stability time in comparison with last reports on docetaxel liposomes by Immordino et al, which their formulation was stable for 15 days at 4 °C [13] .
Conclusions
Stable sub-micron liposome-based formulation of docetaxel, were developed. The most significant finding of this study was that pegylated liposomes with high docetaxel content and good stability were successfully developed.
Experimental
Materials
Docetaxel was purchased from Cipla Pharma Co., India. Egg yolk phosphatidylglycerol (ePG), Dipalmitoylphosphatidylcholine (DPPC), Distearoylphosphatidylcholine (DSPC), Distearoylphosphatidylethanolamine (DSPE) were from Lipoid GmbH (Ludwigshafen, Germany). Methoxypolyethylene glycol succinate N-hydroxy succinimide ester (approx. 50%) and Cholesterol (CHOL) were purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Polycarbonate filters (diameter: 19mm, pore diameter: 100nm) were obtained from Avestin Inc. (Ottawa, Canada). Deionized water was used throughout the experiments. The in vitro release measurement was carried out at pH 7.4 at 37˚C in phosphate buffer. All the other chemicals used were of analytical grade.
Synthesis of mPEG-DSPE
mPEG-DSPE was synthesized according to the method described by Klibanov, et al with some modifications [26] . Briefly, an aliquot of compound 1 (Methoxypolyethylene glycol succinate N-hydroxy succinimide ester = α-({4-[(2,5-dioxopyrrolidin-1-yl)oxy]-4-oxobutanoyl}oxy)-ω-(2-methoxyethyl)poly(ethane-1,2-diyloxy)) in chloroform was added to a solution of compound 2 (DSPE = 2-ammonioethyl 2,3-bis(icosanoyloxy)propyl phosphate) in chloroform, followed by the addition of triethylamine (TEA) (compound 1/compound 2/TEA: 3:1:3.5 m/m). The reaction mixture was incubated overnight at room temperature and chloroform was evaporated to yield compound 3. The synthesis reaction is shown in Fig. 6 .
The formation of compound 3 was monitored and confirmed by infrared spectra (Fig. 1) .
Pathway for Synthesis of mPEG-DSPE.
Preparation of liposomes containing docetaxel
Different ratios of docetaxel, phospholipids, and cholesterol were mixed and dissolved in 10ml of a solution of methanol and chloroform (1:1) and dried in Roto-evaporator (Buchi Rotavapor R-124, Heidolph, Germany) at 65 ˚C for one hour to form a lipid film. The molar ratios of the mentioned materials are summarized in Tab. 1. In all formulations docetaxel content was 4 mol % (mol drug: mol lipid). The lipid film was then hydrated with 50 ml of 1% (w/v) sucrose solution and stirred for one hour. The liposome suspension was first homogenized by a high speed homogenizer (T18 basic Ultra-Turrax, IKA, USA) at 16,000 rpm for 4 min and then it was extruded through polycarbonate filters with pore size of 100 nm for 11 cycles (Liposofast ® Extruder, Avestin Inc., Ottawa, Canada). The suspension was then freeze-dried at −40 ˚C for 48 h (Lyotrap Plus, LTE Scientific Limited, UK) to obtain a fine powder of liposomes.
Measurement of encapsulation efficiency (EE)
The concentration of docetaxel in the produced liposomes was determined by HPLC method. A reversed phase C 18 Column (25×0.46 cm, pore size 5 µm) (Teknokroma, Spain) was used. The mobile phase consisted of a mixture of methanol and water (80:20, v/v) delivered at a flow rate of 1.00 ml/min with a pump (WellChrom K-1001, Knauer, Germany). 1 ml of acetonitrile was added to 1 ml aliquots of the extruded suspension in tubes and mixed followed by sonication for 2 min. The tubes were then centrifuged at 21,000 g for 10 min. 20 µl of the supernatant was analyzed by the HPLC system. Column elute was monitored spectrophotometrically at wavelength of 230 nm with a UV detector (WellChrom K-2600, Knauer, Germany). The calibration curve of docetaxel was linear over the range of standard concentrations of 0.1-10 mcg/ml with a correlation coefficient of R 2 >0.999. The encapsulation efficacy was obtained as the mass ratio between the amount of each drug incorporated in liposomes and that used in the liposome preparation.
Size and size distribution
Particle size and size distribution of liposomes in the extruded suspension were determined by laser light scattering (Zetasizer ZS, Malvern, UK).
Morphology
Scanning electron microscopy (XL 30 scanning microscope, Philips, the Netherlands) was employed to determine the shape and surface morphology of the produced liposomes. A small amount of the lyophilized liposomes was stuck on a double-sided tape attached on a metallic sample stand, then coated under vacuum with a thin layer of gold before SEM.
Differential Scanning Calorimetry (DSC) measurements
The DSC thermograms were obtained from a Mettler Toledo DSC system (DSC-823E, Mettler Toledo, GmbH, Switzerland). A Mettler Stare software system, version 9.x was used for data acquisition and Indium was used to calibrate the instrument. 2-3 mg of liposomes were put into DSC aluminium pans and sealed. Samples were scanned from 30 to 270 ˚C at a rate of 10 ˚C/min under Nitrogen atmosphere. Each experiment was repeated three times.
In vitro drug release
20 mg samples of the lyophilized powder were suspended in tubes containing 2 ml of phosphate buffer (PH 7.4). The tubes were then placed in a shaker water bath (WB14, Memmert, Germany) at 37˚C and shaken horizontally at 90 cycles/min. At predetermined time intervals, the tubes were centrifuged (Sigma 3K30, Sigma, Germany) at 21,000 g for 7 minutes and 1 ml aliquots were taken from the supernatant which were substituted with the same amount of fresh phosphate buffer. 1 ml of acetonitrile was added to each aliquot to precipitate the lipids and dissolve the entrapped docetaxel and then centrifuged at 21,000 g for 10 minutes [27] . Samples were taken from the supernatant and analyzed by HPLC method. The HPLC method used was the same as described above. Drug release data was normalized by converting drug concentration in solution to a percentage of the cumulative drug release. The experiments were carried out in triplicates.
Stability study
The stability of the lyophilized docetaxel liposome was evaluated after storage at −20, +4 and 25 °C for 3 months storage. The particle size distribution and drug encapsulation efficiency of the samples were determined as a function of the storage time.
Statistical analysis
One-way analysis of variance (ANOVA) test was performed on the data to assess the impact of the formulation variables on the results. P values of < 0.05 were considered significant. All calculations were performed using a statistical software program (SPSS ® 11.5, Microsoft).
